It is quite conceivable that dark matter freeze-out occurred during an early period of matter domination, in which case the evolution and relic abundance differ from standard freeze-out calculations which assume a radiation dominated universe. Here we re-examine the classic models in which dark matter interactions with the Standard Model are mediated via either the Higgs or Z boson in the context of matter dominated freeze-out. We highlight that while these classic models are largely excluded by searches in the radiation dominated case, matter dominated freeze-out can relax these limits and thus revive the Higgs and Z portals. Additionally, we discuss the distinctions between matter dominated freeze-out and decoupling during the transition from matter domination to radiation domination, and we comment on the parameter regimes which lead to non-negligible dark matter production during this transition.
Introduction
The vast majority of studies of thermal relic dark matter (DM) assume that DM decouples whilst the universe is radiation dominated, however this need not be the case. If DM freezeout occurs whilst the universe is dominated by an energy density which redshifts other than radiation-like, this changes the expansion rate of the universe H and thus will impact the freeze-out dynamics. In particular, previous studies have been made under the assumption that DM freeze-out may have occurred during inflationary reheating [1] [2] [3] [4] or kination domination [5] [6] [7] [8] (whilst the universe was dominated by the kinetic energy of a scalar field) and impacts of non-standard cosmology on DM has recently received renewed attention .
The prospect that DM freeze-out may have occurred during a period of matter domination was highlighted in [17] , a possibility observed in passing in [34] . For clarity, we note here that some papers (e.g. [23] [24] [25] [26] ) have used 'matter dominated freeze-out' to refer to freezein/out during the transition from matter to radiation domination. Here we restrict this term to the case that DM freeze-out occurs significantly prior to this transition, when entropy injection to the thermal bath can be neglected. Indeed, a nice feature of matter dominated freeze-out compared to freeze-out during reheating is that the bath entropy is conserved and thus the evolution of abundances can be tracked similar to standard freeze-out calculations. Notably, matter dominated freeze-out implies a distinct evolution for the DM abundance compared to freeze-out during the transition to radiation domination [1] [2] [3] [4] .
In [17] matter dominated DM freeze-out was studied in a model independent manner and viable parameter ranges were broadly identified. It was observed that the decay of the matter-like field which leads to the early period of matter domination can dilute the DM, thus allowing for smaller annihilation cross-section or much heavier DM. Here we continue to explore matter dominated DM freeze-out in the context of a number of specific models. Specifically, we revisit the classic models of Higgs or Z mediated DM freeze-out in the context of matter dominated freeze-out. We identify scenarios in which these minimal DM scenarios avoid current experimental limits and discuss the prospect for future detection.
In classic WIMP models DM is a new particle which interacts with the Standard Model only via couplings to either the Z boson or via the Higgs. Electroweak scale WIMP DM freezing out during radiation domination famously provides the observed relic abundance automatically, and since these couplings and masses are motivated by the Standard Model (and its extensions) this scenario has been affectionately coined the "WIMP miracle". Indeed, the classic WIMP picture looks less miraculous with each update from DM searches. However, under the standard assumption of radiation dominated freeze-out, these classic models are both excluded by searches away from special situations e.g. [35] [36] [37] . These experimental null results have motivated models which ameliorate these experimental limits by either tuning to specific parameter regions, such as resonant annihilation, or generalising the set-up with additional particles and thus introducing more parameter freedom. Here rather than changing the particle physics model, we take an alternative approach, and explore whether these simple DM scenarios can be revived if our assumptions on cosmology are different. This paper is structured as follows: In Section 2 we outline the general picture of matter dominated freeze-out, highlighting in particular how it differs from the case of freeze-out during entropy injection which has been studied elsewhere in the literature. In Section 3 we consider the specific case of the Higgs portal in the most common and minimal realisations involving either scalar or fermion DM. Then in Section 4 we consider another minimal DM scenario in which the freeze-out DM density is set due to DM annihilations mediated by the Standard Model Z boson. In Section 5 we provide a summary and conclusion, in particular we highlight that if the DM undergoes freeze-out in an early matter dominated era then these classic models can evade current searches and are potentially discoverable.
Matter Dominated Dark Matter Freeze-out
In this section we briefly recap the model independent analysis of matter dominated freezeout which appeared in the short paper [17] , using this opportunity to provide additional relevant details. In particular, we expand on [17] by discussing distinctions with the case in which DM freezes-out whilst φ, the matter-like state which dominates the energy density in the early universe, is decaying. This scenario in which DM freeze-out occurs whilst φ decays can no longer be neglected is analogous to the case studied in [1] [2] [3] [4] .
We will discuss how the parameter space which gives the correct relic density changes depending on whether DM freeze-out occurs during matter domination, during φ decays, or after φ decays (during radiation domination). Finally, we comment on the case that the decaying state φ has non-negligible branching fraction to DM. In later sections we will reevaluate the details discussed here in the context of specific models and identify viable regions of parameter space.
Model independent look at freeze-out during matter domination
Consider a population of heavy scalars φ (in principle φ could also be a vector boson or fermion), with energy density ρ φ and suppose at some critical temperature T that ρ φ starts to evolve as matter, i.e. ρ φ scales as a −3 in terms of the FRW scale factor. For T > T the contribution of φ to the energy density is radiation-like, scaling as a −4 . The simplest possibility 1 is the case that φ is some heavy species that decouples from the thermal bath then φ becomes matter-like at T ∼ m φ .
We start our analysis from the Friedmann equation, given by
where ρ R and ρ χ are the energy densities of the Standard Model radiation bath and the DM, respectively. For T > T m Z , m χ the Friedmann equation can be rewritten as 
The quantity r represents the fraction of the energy in radiation at temperature T , thus (1 − r) represents the fraction of energy in the φ component at T = T , and r is given by
This form of the Friedmann equation gives a cosmology which is initially radiation dominated for r ∼ 1, for which H ∝ T 2 . Conversely, matter dominated evolution begins immediately at T for r 1 with H ∝ T 3 /2 . Here r is ratio of energy densities at the initial time and is not a function of time. A good benchmark for r (which we use at various places below) is r 0.99 this corresponds to the case that φ has O(1) internal DoF, the DM and Standard Model combined have O(100) DoF and that all states shared a common temperature in the past which has not significantly deviated by T = T .
Assuming that entropy is conserved in the Standard Model radiation, which is a good approximation at times much earlier than the lifetime of φ, then the scale factor is related to the temperature by a a g * (T ) g * (T )
Note, however, that φ decays eventually lead to entropy non-conservation in the Standard Model bath thus invalidating the relationship of eq. (2.5). Once entropy is no longer conserved in the bath, one instead has a scenario reminiscent to [1] [2] [3] [4] in which freeze-out occurs during a period of entropy injection to the thermal bath, similar to the period of inflationary reheating. We will return to this point shortly and discuss the transition. To proceed we define x ≡ m χ /T and x ≡ x(T ), then neglecting the small DM contribution and using eq. (2.5), the Friedmann equation may be written as
While ρ φ evolves as matter, its fractional contribution to the total energy density will grow until it eventually dominates the energy density of the universe, provided that φ is sufficiently long-lived. We will discuss the requirement on the φ lifetime to realise this scenario shortly. We define the freeze-out temperature, T f ≡ m χ x −1 f implicitly using the condition:
Notably, if the DM decouples from the bath whilst the universe is matter dominated this alters the freeze-out dynamics compared to radiation dominated freeze-out, since the Hubble rate scales as H ∝ T 3/2 rather than H ∝ T 2 . We take the annihilation interaction rate for the DM to be
where n eq χ (x) = (2π) −3/2 gm 3 χ x −3/2 e −x and we parameterize the thermally averaged annihilation cross-section as
We assume that the DM decouples while non-relativistic (i.e. x f > 3) then from eqns. (2.6) & (2.7) we find DM freeze-out occurs at x f for
This can be solved approximately via iteration (initially guessing x (0) f = 1 on the RHS), leading to
For instance, taking r → 0, which implies the evolution starts during matter domination, then DM freeze-out occurs for
It is common to define the DM yield Y ≡ n χ /s where s is the entropy density s = 2π 2 45 g * S T 3 defined in terms of the bath temperature and the effective entropic degrees of freedom g * S . One can calculate the yield after freeze-out Y (x f ) assuming it occurs during matter domination and for n = 0 (s-wave) one can evaluate this in the general r case [17] Y n=0 (x f ) 45 2π 2
H
With the yield Y (x f ) one can normalise this to the critical density and entropy at x f to compute Ω FO χ . However, following freeze-out the DM abundance is diluted by the decays of the φ by some factor ζ, during the return to radiation domination, such that the DM relic abundance is Ω relic
Taking x f 23 (consistent with the reference parameter values we choose below) along with r ∼ 0.99, and assuming an s-wave annihilation cross-section of the form σ A | v| ∼ α 2 /m 2 χ the abundance of DM today is parametrically
(2.15)
The quantity ζ parameterises the change in the entropy of the bath due to φ decays and can be quantified as follows. Denote by Γ the decay width of φ, at the time of the decay of the state φ then Γ should be equal to the Hubble constant H Γ and we define a corresponding bath temperature by Γ = H(T Γ ). Assuming the sudden decay approximation for φ with a decay rate Γ then the reheating temperature of the bath following decays T RH √ ΓM Pl and the magnitude of the entropy injection ζ is
where we neglect any changes in degrees of freedom. It is reasonable to assume the instantaneous decay approximation provided that DM freeze-out occurs well before H = Γ. A more useful expression relating ζ and T RH can be obtain by noting that the duration between the initial condition a and the point H = Γ denoted a Γ is given by
(2.17)
Then we use eq. (2.5) and that T RH √ M Pl Γ to relate the T Γ with T RH and T T Γ 45 4π 3 g * (1 − r)
(2.18)
Substituting ζ as a function of T RH , as in eq. (2.16), leads to the following expression for T RH
Additionally, it is useful to note that to match the observed relic density for a given freeze-out abundance one requires an entropy injection of order
.
(2.20)
The end of the early matter dominated era
The calculations of the freeze-out temperature and DM relic abundance presented in Section 2.1 were based on the assumption of entropy conservation until all the φ decay instantaneously at t ∼ Γ −1 . We now ascertain when this sudden decay approximation is valid, by comparing with the more natural expectation of an exponential decay law [38] . Notably, an exponential decay law implies a growing source of entropy violation in the thermal bath and at some point the production of radiation due to φ decays cannot be neglected in the Boltzmann equations. In this section we derive when the approximation of entropy conservation breaks down and highlight that there can be considerable parameter space for DM freeze out to occur whilst entropy injections to the thermal bath from φ decays are negligible. In the case that DM decouples from the bath whilst the entropy produced by φ decays are non-negligible, then DM freeze-out proceeds along similar lines to Giudice-Kolb-Riotto [3] . The equation governing the decay of a massive particle species φ can be expressed as
Integrating from t , the time when φ begins evolving like matter (t ∼ H ), to time t gives
where ρ φ ≡ ρ φ (t ) (similarly, we define ρ R ≡ ρ R (t )) and τ ≡ Γt. From the Friedmann equations one can show that for an equation of state ω that the scale factor is related to the time via a(t) ∝ t (2.23)
Then assuming that φ decays solely to the radiation sector, the equation governing the radiation energy density can be written as d dt ρ R a 4 = Γρ φ a 4 . Using eq. (2.22) and eq. (2.23) and expanding to zeroth order in τ , we can approximate the evolution as follows
Integrating eq. (2.24) from t to t gives the evolution of the radiation energy density
where τ ≡ Γt . The first term on the RHS of eq. (2.25) signifies the "old" radiation present at T = T , and the latter term is the "new" radiation corresponding to the decay products of φ. Furthermore, using that ρ R rρ and ρ φ (1 − r)ρ , where we neglect the small ρ χ component, and defining
we can rewrite eq. (2.25) as follows
(2.27) In their classic paper [38] , Scherrer and Turner showed that the entropy in the thermal bath remains roughly constant until the old and new radiation are comparable (that is the first and second terms of the RHS of eq. (2.27), respectively). Thus the point at which the assumption of entropy conservation is violated T EV can be defined implicitly by
(2.28) Solving eq. (2.28) for T EV , and writing v ≡ ( 2 /3)(1 + w) −1 + 1 gives
Since entropy remains roughly constant until t = t EV ≡ t /T EV , it follows that T ∝ a −1 prior to t = t EV and T ∝ a −1 becomes invalid once entropy conservation is strongly violated. Evolving from T and using eq. (2.29) we obtain the following expression for the point of entropy conservation violation
This point T EV marks the threshold between the matter dominated period and the particle decay era. Thus for T T EV we have that T ∝ a −1 and H ∝ T 3/2 , whereas for T T EV then T ∝ a −3/8 and H ∝ T 4 [38] . For freeze-out to occur during matter domination (which is the focus of this work), rather than during particle decays (as in [3] ), it is required that:
(2.31) Figure 1 (left) shows the evolution of the energy densities for fixed T = 10 7 GeV taking r = 0.99 and T RH = 10 MeV. For w we take an interpolation between w = 1/3 and w = 0 weighted linearly according to the relative fraction of energy that radiation and matter constitute. It can be seen that it is possible to have a significant amount of time between when matter domination ensues (as indicated by the intersection of the matter and radiation curves) until the point "EV" when entropy violations become considerable.
For Figure 1 (right) we do not fix T RH (the other parameters are fixed the same), rather T RH is adjusted such that the observed DM relic density is reproduced. The pair of plots in Figure 1 indicate the viability of DM freeze-out in the matter dominated regime. The distinction between our work and previous related studies [1] [2] [3] [4] is most clearly seen in the right panel which demonstrates that the time of freeze-out (black curve) can readily occur after matter domination begins and prior to when entropy injection is non-negligible.
Production of dark matter in the transition to radiation domination
Throughout this work we assume that the DM relic density is set during matter domination and that there is no subsequent production of DM during the transition to radiation domination. This implies that the DM does not couple to φ or has only sufficiently small coupling such that the production is subleading to the freeze-out abundance. As noted above, the converse case of DM produced during the transition has been studied in e.g. [1] [2] [3] [4] . However, since the DM couples to Standard Model there are loop induced processes which couple φ to the DM and in this section we start to quantify over which parts of parameter space this implies substantial DM production during φ decays.
Denote by Ω χ,decay the contribution to the late time DM abundance due to φ decays to DM and by Ω χ,MDFO the contribution coming from matter dominated DM freeze-out (and subsequent dilution). The condition that matter dominated DM freeze-out sets the observed DM density today can be surmised as Ω χ,decay < Ω χ,MDFO . However, we shall suppose that after dilution the matter dominated DM freeze-out abundance matches the observed relic density Ω χ,MDFO ≈ Ω χ,relic h 2 ≈ 0.1 and thus the condition that φ decays to DM can be neglected can be restated as Ω χ,decay h 2 0.1. The Boltzmann equation for the DM number density n χ is of the form
where B DM branching ratio of φ to DM pairs. Then the contribution Ω χ,decay due to φ decay to DM assuming a branching ratio to DM of B DM is given by [33] (rederived in Appendix B)
The selected parameters imply a limiting case in which production accounts for 10% of DM. Larger m φ , or smaller T RH or m χ , significantly suppress Ω χ,decay and give Ω χ,decay h 2 0.1. Loop induced decays to DM via Standard Model states lead to a non-zero branching fraction to DM, but the form of the loop induced branching ratio to DM will depend critically on the portal operator. Thus we will evaluate B DM for each model we subsequently explore in turn. As we will discuss for each of the portals in what follows, the branching ratio can typically be sufficiently small that one can arrange for loop induced production of DM due to φ decays to be negligible in most of the models we study.
Matter Dominated Freeze-out via the Higgs Portal
We next apply our previous considerations to a number of specific DM models, starting with the Higgs Portal. The Higgs boson provides a promising means to link DM to the Standard Model [39] [40] [41] [42] . The precise relations of the Higgs Portal depend on the nature of the DM quantum numbers. The best motivated Higgs portal models are those involving scalar or fermion DM; the former is aesthetic as it is highly minimal, requiring the addition of only a single new state, whereas the fermion case typically requires both a new fermion and some additional mediator state, but has the advantage that the DM can be light without running into naturalness concerns.
Scalar dark matter via the Higgs portal
We first consider the case of scalar DM 2 χ, with a Z 2 invariant Lagrangian [39] [40] [41] [42] 
where H is the Standard Model Higgs, L SM is the Standard Model Lagrangian, κ describes coupling of the scalar DM with the Higgs boson, µ χ is the bare mass of the DM, and the constants c χ = 2 for a complex scalar and c χ = 1 for a real scalar. While λ is often reserved for the Higgs quartic couplings, since we won't make reference to this quantity, we use λ instead for the χ quartic coupling and importantly this is unrelated to the Higgs coupling. After electroweak symmetry breaking the Higgs boson acquires a vacuum expectation value (VEV) H = v 0 and the Lagrangian may be expanded around this VEV giving
The DM χ receives contribution in mass from the bare mass term and the cross-coupling term and can be expressed as m
In what follows we shall consider DM with mass in excess of 10 GeV and κ 0.03 in which case m χ µ χ and is a free parameter.
The three main annihilation routes for scalar DM via the Higgs portal are (i). DM annihilations to Standard Model fermions χχ → ff , (ii). DM to Standard Model vector bosons, χχ → VV , (iii). DM to Higgs bosons, χχ → hh. The corresponding partial crosssections in terms of the Mandelstam variable s are
where N c is the number of colours, V = Z, W ± with δ Z = 1 2 and δ W + ,W − = 1, m h is the Higgs boson mass and the Higgs width is Γ SM h ≈ 13 MeV [45] . With the leading contributions to the annihilation cross-section, we now calculate the relic density of DM after freeze-out. The Boltzmann equation can be expressed in terms of the thermally-averaged cross-section σv which is a product of the annihilation cross-section and relative DM velocity averaged over the equilibrium distribution functions [44] 
Thermally averaging term-by-term gives σv = σ 0 + σ 1 v 2 + · · · In the non-relativistic limit, expanding the partial thermally averaged cross-sections σv i to order v 2 gives
, and where F is the following combination of these various factors Our results are in good agreement with previous studies of the Higgs portal e.g. [37, [46] [47] [48] . With the thermally averaged cross-sections above we can solve the Boltzmann equations and determine the freeze-out abundance. Similar to the model independent analysis of Section 2 the freeze-out abundance will be diluted by a factor ζ during the transition from matter to radiation domination, such that Ω relic DM h 2 = ζΩ FO χ h 2 . Note that ζ can be re-expressed in terms of T RH via eq. (2.19). In Figure 3 we display contours of the T RH which give the correct relic density for scalar DM freezing out via the Higgs portal (black solid curves). The plot is overlaid with cosmological consistency constraints which we discuss in the next section.
Higgs Portal for Scalar Dark Matter: Consistency Conditions
Furthermore, we highlight that for a specific DM mass range one can derive reasonably succinct analytic expressions. For instance, consider 10 GeV m χ 80 GeV in which case the DM mainly annihilates to bb and as a result if freeze-out occurs during matter domination then the DM decouples at a temperature
Given this value of x f the resulting DM relic density can be expressed as
The explicit GeV −1 and numerical factors appear due to the substitution of the critical density and entropy density today.
Constraints on the scalar Higgs portal
The freeze out calculations above are based on a number of assumption, in particular about the hierarchies of energy scales and orderings of events, in this section we first discuss the cosmological consistency conditions which must be satisfied for our analysis to hold. Specifically, we have introduced a number of temperature scales: T f at which DM freeze-out occurs, T Γ at which φ decays, T RH the reheat temperature and T EV at which φ decays cannot be neglected in the Boltzmann equations. Let us also denote by T MD the temperature at which matter domination begins.
With the above scales defined we can discuss the consistency conditions which are required to be satisfied to be in the regime of matter dominated freeze-out, these are:
• Freeze-out of dark matter during matter domination (T f < T MD ≤ T ).
• Sufficiently high reheat temperature from φ decays (T RH > T BBN ∼ 10 MeV).
• Freeze-out of dark matter before majority decays of the φ states (T f T Γ ).
• Freeze-out of dark matter while decays of φ can be neglected (T f T EV , T RH ).
• Freeze-out of dark matter while non-relativistic (T f < m χ /3).
We apply these constraints to the scalar Higgs portal in Figure 3 for two values of the critical temperature T . For T f < T Γ DM decouples after decays and during radiation domination, thus our analysis is inappropriate, this case is shown as the green shaded region in Figure 3 . The red and orange regions exclude the parameter space which predicts that decays of φ cannot be neglected T f T EV , T RH . There is also a region in which T f > m χ /3 in which case the DM decouples relativistically and is excluded by classic 'Hot DM' bounds. Finally, there is the requirement that the reheat temperature is greater than a few MeV [49] [50] [51] in order to reproduce standard big bang nucleosynthesis (BBN), and we will impose the slightly more conservative condition T RH > 10 MeV. While this BBN constraint does not show up on the plots of Figure 3 , it will appear in subsequent plots.
Note, the orange region indicates the region in which the inequality of eq. (2.31) is no longer satisfied, implying that entropy in the thermal bath is no longer conserved, and thus a breakdown in the validity of the calculation. Let us re-emphasise that T f < T EV , T RH , T Γ does not immediately imply an exclusion, but rather indicates that a separate calculation is needed assuming freeze-out during entropy injection [1] [2] [3] [4] or during radiation domination (possibly with an entropy dump [13, 14] ). These alternative cosmologies may also potentially yield the correct relic density while evading constraints, and have been discussed in the context of the scalar Higgs portal in [20, 21] . Figure 3 indicates that matter dominated freeze-out via the Higgs portal is theoretically viable in modest parameter regions (namely, the white regions), and we now turn to the experimental limits. First we consider direct detection experiments which look for signals from the recoil that a nuclei would undergo in the event that it interacted with DM, and typically provide considerable constraints on DM parameters, see e.g. [37] . The DM parameters that these experiments exclude for the Higgs model we study may be seen above the red dashed line (XENON1T [52] ) and orange dashed line (LUX [53] ) lines in Figure 4 . To translate the cross-section bounds of these experiments into Higgs Portal terms, we used the common parameterization for spin-independent (SI) DM-nucleon scattering (see e.g. [35] ) 8) where m N ≈ 1 GeV is the nucleon mass and a hadronic matrix element parameter f N ≈ 0.326. Note that future direct detection experiments with improved sensitivity will need to confront the difficult task of distinguishing neutrino signals from DM signals in the region termed the "neutrino floor". For comparison we indicate the neutrino floor as the green dashed line in Figure 4 . While a nuisance, it is quite consistent for a DM model to have couplings and masses in otherwise allowed parameter space below the neutrino floor curve.
In addition, there are limits from indirect detection experiments which rely on detecting the products of DM annihilations that may occur. Specifically, the Fermi-LAT data [54] from observing DM annihilations into the bb channel moderately constrains the allowable parameter space for the Higgs portal. The excluded parameters from Fermi-LAT data is shown in Figure 4 as the dashed purple line. Another experimental method for probing DM is through collider searches, if DM interacts with the SM, one would expect that a fraction of the high energy particle collisions would produce DM. By measuring the energy of the products of particle collisions, it may be inferred if there are invisible states which carry away energy undetected. The current branching fraction of the Higgs width that may go to invisible states is constrained by the Large Hadron Collider (LHC) searches to be [55] . Assuming that the invisible decays are due to DM and using that the Higgs partial decay width to χ pairs is
implies a constraint on scalar Higgs portal DM [37] which excludes the region above the brown dashed line in Figure 4 .
In Figure 4 we collect both the experimental and theoretical limits, with the theoretical consistency requirements of Figure 3 combined are shown together in grey. While this scenario is quite constrained in the low-mass/high-coupling regime, viable parameter space remains. Notably, radiation dominated freeze-out via the Higgs portal (without an entropy injection) is largely excluded apart from around the region of resonant annihilation as indicated by the black dashed line in Figure 4 (and cf. [37] ). Thus it is interesting to observe that the classic Higgs portals returns as a possibility for providing the correct DM abundance, while avoiding constraints for models with an entropy injection such as matter dominated DM freeze-out.
It is also worth highlighting that the DM unitarity constraint [56] , is greatly relaxed in this scenario. Although the limit on plane wave unitarity persists, namely that the maximum cross-section derived from unitarity consideration is σv max = 4π √ x f / √ 6m 2 χ , since typically Ω relic χ h 2 Ω F χ h 2 due to the entropy injection, the freeze-out abundance can be much larger than the standard freeze-out abundance without overclosing the universe.
At this point we should note that the above results are predicated on the assumption that decays of φ to DM can be neglected. As discussed in Section 2.3, while it is not unreasonable to simply assume that φ has small or absent direct couplings to DM, induced decays due to Standard Model particles with couplings to both DM and φ running in loops will lead to an unavoidable non-zero branching ratio B DM of φ to DM. In the case of the scalar Higgs portal the branching ratio of φ to DM due to Higgs loops (derived in Appendix B) is given by
Higgs Portal for Scalar Dark Matter: Experimental Limits
(3.10)
where we have assumed the relevant mass hierarchy m χ , m h , m f m φ . Thus parametrically
(3.11)
We can compare the above to eq. (2.33) which gives the upper bound on B DM such that the loop induced production is subdominant compared to the observed relic density, and thus to the freeze-out abundance in parameter space where the relic density is correctly reproduced. We observe that for reasonable parameter choices, as those indicated in eq. (2.33) & eq. (3.11), that B DM can be sufficiently small that decays of φ to DM can be neglected and that there is a good amount of parameter freedom for which Ω χ,decay h 2 0.1.
Fermion dark matter via the Higgs portal
While the scalar Higgs portal is prized for is minimality, being that it adds only a single state and the interactions proceed via a renormalisable operator which is generically present in the Lagrangian, there are alternative merits for considering fermion DM. As is well known, the problem with scalars near the electroweak scale is that they typically imply naturalness issues, whereas the relative lightness of fermions is a natural consequence of chiral symmetry [57] .
Using an effective field theory (EFT) approach, fermion DM can be connected to the Standard Model Higgs via the following Lagrangian [58] (see also e.g. [36, 59, 60] )
12)
where the interaction term of DM with the Higgs involves a dimensionful coupling Λ.
After the electroweak symmetry breaking, χ attains a physical mass of m χ = µ χ + v 2 0 2Λ , with contributions from both the bare mass term and the cross-coupling term, leading to
We will mainly consider m χ 10 GeV in which case for Λ 10 TeV the DM mass is set by the µ χ parameter and is independent of Λ. We also define an effective coupling κ = v 0 /Λ and thus the decay width of the Higgs boson to the DM can be written as follows 14) and the leading annihilation cross-sections in terms of the Mandelstam variable s are
In the non-relativistic limit, the zeroth order term in the expansion of σv vanishes and the p-wave solution is dominant, implying thermally averaged cross-sections of the form [58] σv χχ→ff = v 2 4
16)
where δ V = 1 and 1/2 for the W bosons and the Z bosons respectively. With the above we can calculate the relic abundance due to DM freeze-out for the fermionic Higgs portal, which we show in Figure 5 for two T values where we apply the same cosmological consistency conditions as in Figure 3 (with matching colour scheme). Unlike in Figure 3 BBN does constrain the parameter space in the plot and the excluded region is shaded in yellow. There is a considerable amount of viable parameter space with regards to the consistency conditions and thus we next look at the experimental constraints.
While the experiments which constrain this model are similar to the scalar Higgs portal, the exclusion curves differ considerably. Fermion DM coupling with the Higgs boson via eq. (3.13) leads to a spin independent direct detection cross-section and here we follow [61] taking
(3.17)
We present the parameter space of the fermion Higgs portal constrained by the various experimental limits in Figure 6 . We highlight that a considerable amount of parameter space is viable and not currently excluded by searches, although for larger values of T much of it falls beneath the neutrino floor (green dashed curve) making detection challenging. Despite the theoretical and experimental constraints on the parameters, a considerable range of parameter space remains allowed for Higgs portal fermion DM in matter dominated freeze-out. Notably, for T < 10 7 GeV there is a wide range of acceptable DM masses with 1 GeV T RH 100 GeV which give the correct relic density with a cross-section which is consistent with matter dominated freeze-out. Moreover, many acceptable parameter points are above the neutrino floor and thus potentially discoverable by future direct detection experiments. An interesting region in Figure 6 is m χ > 100 GeV where the dominating annihilation channel of the DM is to the W bosons, and in this case DM freeze-out occurring during matter domination decouples at
Higgs Portal for Fermion Dark Matter
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18)
It follows that for m χ > 100 GeV DM relic density can be approximated succinctly as
Finally, we discuss the limits on the parameter space which come from requiring that the loop induced decays of φ to DM lead to a subdominant contribution to the relic density compared to the population from matter dominated freeze-out. Taking the relevant mass ordering m χ , m h m φ the branching ratio to DM in this case is (see Appendix B)
(3.20)
Small branching to DM requires a sizeable separation m φ Λ but this then also implies a suppression in the effective coupling to the Higgs κ = v 0 /Λ since we assume that m φ > m h . For the reference values above, the corresponding effective couplings are of order κ ∼ 3×10 −4 . On the other hand, matter dominated freeze-out via the fermion Higgs portal with m χ >100 GeV and a reheat temperature above BBN requires a coupling κ 3 × 10 −5 (cf. Figure 5 ) which implies a relatively low EFT cut off Λ, and thus to keep B DM negligible m φ must also be light. However, inspection to eq. (2.33) reveals that reducing m φ increases the production to DM, and thus one needs a smaller branching ratio. This compresses the viable model space but for sub-PeV φ it can be arranged for B DM to be sufficiently small, while simultaneously allowing appropriate couplings for matter dominated freeze-out and T RH 10 MeV.
Matter Dominated Freeze-out via Z-mediation
One of the principle reasons that Higgs portal models are deemed compelling extensions of the Standard Model which include DM is because of their extreme minimality. There is another class of models which shares this elegant feature, namely Z mediated DM, in which the DM carries electroweak quantum numbers and interacts via the Standard Model Z boson. While it is an elegant manner of connecting DM to the known particles, it suffers the same set back to the Higgs portal in that Z mediated freeze-out is largely excluded by experimental searches in the case of radiation domination. In this section we reconsider this classic model in the context of matter dominated freeze-out and show that viable parameter ranges persist.
Vector-like fermion dark matter
We shall consider here the case of fermion DM which carries a Standard Model electroweak charge and thus interacts with Z boson via the following Lagrangian terms
where g 0.65 is the electroweak coupling, V χ and A χ are the DM vector and axial couplings to the Z boson and θ W is the weak mixing angle. It follows that the decay width of the Z boson to the DM is given by [62] 
(4.
2) The thermally averaged annihilations cross-sections of the fermion DM via the Z portal are given in Appendix A. The couplings V χ and A χ depend on the model, as we discuss shortly.
For V χ = 0 SI scattering constrains this scenario and the relevant cross-sections are [62] σ p SI =
where Z and A are respectively the atomic and nucleon numbers and µ χi = mχm i mχ+m i is the reduced mass. The quantity η A denotes the relative abundance of the target material. Specifically, for Xenon1T the two main Xenon isotopes are 129 Xe (Spin 1/2) and 131 Xe (Spin-3/2) with relative abundances η 129 = 0.264 and η 131 = 0.212 respectively [63] . In the above V f and A f are the ordinary vector and axial couplings of the Z boson to the Standard Model fermions f carrying charge q f , with third component of isospin T 3 f defined as
The most minimal case is that the DM fermions are vector-like (i.e. non-chiral), which implies that the χ L and χ R have the same quantum numbers, resulting in V χ = A χ and we relabel this coupling κ. Notably, these states cancel trivially in their additional contributions to the gauge anomalies of the Standard Model group. Similar to the previous plots, in Figures  7 & 8 we show the DM relic density in the κ-m χ plane and constrain it with the consistency conditions and experimental constraints.
Axially coupled fermion dark matter
The case V χ = 0 generically leads to strong SI limits, and the most minimal scenario involving fermion DM coupling via the Z boson with V χ = A χ for radiation dominated freeze-out. This has motivated previous groups (e.g. [37, 62] ) to consider V χ = 0 in which case the leading SI cross-section of eq. (4.3) is zero. We note that the axial coupling implies that the DM must be chiral which naively leads to gauge anomalies, but these can be cancelled via the inclusion of additional states [66, 67] . Such constructions tend to be highly non-minimal however and thus we view the vector-like case as much more compelling. With V χ = 0 and A χ = 0 the (much weaker) spin dependent (SD) limits provide the leading constraints. The scattering cross-sections relevant for SD direct detection are
(4.5) where the nucleon spin-content parameters are [64] :
The dominant Xenon isotopes that contribute to the SD interactions imply different expectation values of proton and neutron spin operators [65] with 129 S n = 0.329, 129 S p = 0.01, 131 S n = −0.272, and 131 S p = −0.009.
In Figures 9 & 10 we show the consistency and experimental constraints for the axially coupled case where we rename the single coupling κ = A χ . While the direct and indirect detection limits are relaxed, the cosmological consistency conditions are substantially more constraining. Note that for T ∼ 10 7 GeV almost no consistent parameter space remains, however for smaller values of T (and this also depends on the initial condition on r) then more viable parameter space is available and for T ∼ 10 5 GeV DM between 100 GeV and 10 TeV can be accommodated. Finally, we note that since φ is assumed to be a gauge singlet, it does not couple directly to Z. Therefore the loop induced production of DM from φ decays is at two loops and thus are significantly less restrictive than the scalar Higgs portal which are already largely unconstraining, as discussed previously.
Conclusions
Classic scenarios in which DM couples to the Standard Model in a minimalistic fashion involving the Higgs or Standard Model Z boson offer an extremely compelling picture of nature. However, under the assumption that DM decouples during radiation domination these elegant DM scenarios are essentially excluded by experimental searches. Here we highlighted that these classic models can be revived if the DM decouples during an early period of matter domination which subsequently transitions to radiation domination prior to BBN. Specifically, in the context of the scalar Higgs portal, the fermion (EFT) Higgs portal, and the Z portal for fermion DM, we outlined the consistency conditions for matter dominated freeze-out and explored the leading experimental limits which constrain these scenarios.
The main results of this paper are encapsulated in Figures 4, 6 , and 8 which show slices of the viable parameter space for the scalar and fermion Higgs portals, and the Z portal. The white space in these plots indicates the parameter space consistent with the assumptions of matter dominated freeze-out and the coloured dashed lines indicate the upper limits on the (effective) coupling. Thus the viable parameter space is the white regions below all of the coloured lines (except the neutrino floor curve). In each of the DM portals explored here, there exists viable parameter space below the experimental exclusions and above the neutrino floor. Since the next generation of detectors will be able to reach the neutrino floor, this indicates that these scenarios are potentially testable in the near future. Given that the modifications needed to the standard cosmology are minimal in order to revive these classic models, and that these scenarios can be probed in the next decade, this presents an exciting prospect for discovery.
It would be interesting to re-examine other motivated models which face strong experimental limits within the context of matter dominated DM freeze out. In particular, there are several interesting variants of the Higgs portals, for instance involving supersymmetry [68] , two Higgs doublets [69] , or vectorial DM [70] . Another related scenario is the case of DM coupling via a non-Standard Model abelian gauge boson Z , see e.g. [71] [72] [73] . It has been proposed that such a Z could couple to DM and some Standard Model states, while the ordinary Z has only Standard Model interactions. In particular, one might consider a sequential Z , i.e. a heavier version of the Standard Model Z with matching couplings strengths. Notably, if DM decouples during an early period of matter domination, then search bounds [73] will be ameliorated similar to the DM portals explored here.
For m χ > m W + ,W − DM can also annihilate to W boson pairs and the thermally averaged DM annihilation cross-section of this process is given by
Similar to the fermion channel we parameterise this piece-wise, with an overall factor
where where α em is the fine-structure constant. The 's-wave' factor R s is given by
and the p-wave factor can be written as
in terms of the subfactors
For m χ > m Z there is also an annihilation channel is to Z-pairs and the thermally averaged cross-section for which can be expressed as
with an overall factor,
with an s-wave factor
and a p-wave factor
where the subfactors are defined as
Finally, for the large values of the DM mass there is also a the contribution from Zh channel. The corresponding cross-section is given by: and a p-wave factor
with the subfactors 
B Dark matter production by φ field decay through Standard Model loops
Dark matter production due to φ decay will inherently occur during the era of significant φ decays and as such one must treat the evolution of the abundances with care. First we will examine the Boltzmann equations and discuss the temperature evolution of the thermal bath during this period, following [2, 3] and then we give the loop induced branching fraction of φ to DM for the Higgs portal with scalar DM and fermion DM.
B.1 Dark matter production due to φ decay
The Boltzmann equations which describes the evolution of the decaying state φ, the DM χ, and the radiation R are given by
where the φ particles decay with a rate Γ into radiation, χ particles get created and annihilated into the radiation with a thermally averaged cross-section σv , with 2 E χ average energy released in the annihilation of the χ particles and E χ √ M 2 + 9T 2 being the energy carried by each of the χ particles.
It is assumed that the φ dominates the energy density of the universe during the early matter dominated period, 3 Even if the φ field has no interaction with the DM, it could produce DM by decaying through Higgs loop. Recall from eq. (3.1) the relevant parts of the scalar Higgs portal Lagrangian and we also include a trilinear coupling of the φ field to Higgs as follows
We assume that there is no direct coupling of the DM to φ, however, even in the absence of a direct coupling decays of φ can produce DM due to loop level interactions involving the mixed quartic χ 2 h 2 . Thus one can define the loop induced decay rate of φ to DM Γ loop , which we find to be
where m φ is the mass of φ. Furthermore, in the case of no direct φ-DM coupling, one can define the branching ratio of φ to DM as follows
where Γ h is the tree level decay rates of φ to the Standard Model Higgs boson. Decays to Higgs bosons is the only direct decay route and since φ is heavy (m t m φ ) we can approximate the branching fraction by just considering this route in the decay products to Standard Model states. The partial decay rate of φ to Higgs pairs is given by Next we consider the case of loop induced DM production for the Higgs portal to fermion DM in the EFT description. We assume a similar Lagrangian involving φ to the case above
Similarly to before we derive the loop induced φ partial decay width to DM 
